To probe the detailed structure of dextran hydrogels, periodical models for three dextran hydrogel systems with different dextran contents have been constructed and compared using molecular dynamic simulations. The software packages of Amorphous and Discover in Material Studio with COMPASS force field were used for the simulation. Energy minimization and geometry optimization were used to refine the models. In particular, the structure and dynamic movement of dextran chains which impose on water in the dextran hydrogel systems have been studied. The results show that in the physically crosslinked dextran hydrogels, KCl served as the crosslinker and it interacted with dextran via the oxygen atoms of hydroxyl groups in dextran ring. With increasing dextran content, the free volumes of the hydrogels and the diffusion coefficients of water in the hydrogel decrease. By the radial distribution analysis, the water in the hydrogel networks was found to interact with dextran via hydrogen bond and there are at least three kinds of water in the physically crosslinked dextran hydrogels. These results have a great significance for understanding the structure and properties of the hydrogel.
Introduction
Polymer hydrogels are three-dimensional networks which swell in aqueous solutions. They are widely used in many fields such as hygienic products, agriculture, horticulture, gel actuators and drug-delivery systems [1] [2] [3] [4] [5] . It is believed that the study on water in the hydrogel network might provide useful information on the microstructure and behavior of the hydrogel [6] [7] [8] [9] [10] [11] [12] [13] . The investigations on the state and role of water in poly(vinyl alcohol) [6] , poly(2-hydroxyethyl methacrylate) [7, 8] , and chitosan [9, 10] hydrogels have been reported. The hydrogels formed through physical crosslinking of several natural polymers such as gelatin [11] , cellulose [12] , starch [13] have also been well documented. According to the results, the water in hydrogels can be generally classified into three species: freezing water (namely free water), non-freezing water (namely bound water), and freezing bound water. All these studies are experiment-based and focused on the water. Some dynamic information about the whole hydrogel system including polymer chains and the water cannot be obtained. Detailed, spatially-resolved solvent distributions around complex polymer chains are inaccessible by experiment even using advanced NMR techniques [14] .
Computer simulations allow solvent structuring to be examined directly. As a kind of simulation methods, molecular dynamics (MD) simulation [15] [16] [17] [18] [19] [20] can provide mechanical, thermodynamic and dynamic information of the polymer system. It is suitable for elucidating the different modes of molecular motion because it yields information about the positions and movements of each water molecule as a function of time, while such an information is hard to be obtained experimentally when water molecules are not in the nearest neighbor of the solutes. At present, most studies are focused on the water dynamics of small molecules solution or polymer solution [15] [16] [17] [18] [19] [20] . For example, Umemura's group [17] [18] [19] has studied the water mobility in different saccharide solutions, and given a good description of the state and interaction of water by analyzing the distribution and movement of water. However, very few studies on hydrogel system using molecular dynamic simulation have been reported.
In our previous paper, three kinds of water are proved to exist in physically crosslinked dextran hydrogels and KCl is found to serve as the crosslinker by some chemical experiment methods such as DSC and NMR [21] . In this paper, molecular dynamic simulation is applied to study physically crosslinked dextran hydrogels systematically. Dextran has been extensively investigated for biomedical applications such as polymeric carriers in the field of drug delivery systems [22] [23] [24] . The detailed information provided by molecular simulation will have a great significance for understanding the structure and properties of the hydrogel.
Simulation procedure
The complete simulation procedure was performed using Amorphous Cell and Discover of Material Studio software. Cubic periodic cell model was initially constructed for the dextran hydrogel. For the periodic cell model, three kinds of dextran hydrogel models with different dextran contents (10%, 30%, 50%) were constructed with 1-6-α-D-glucopyranose chains, water and KCl. The components of the dextran hydogels are shown in Table 1 . The COMPASS force field [25] was used for the simulation calculations. All models were first optimized using Energy Minimize to keep the system energy steady and the molecular configuration stable. After building these hydrogel systems, we equilibrated them through 1.0 ns of NPT MD simulations at 298 K and 1 atm and1.0 ns NVT MD simulations. Berendsen [26] method was used to control the temperature. Base cutoff was used for the models. After the dynamic simulation, several methods were used to analyze the dynamic calculation results. The motion of the water molecules was analyzed by means of mean-square displacements. Radial distribution functions were used to study the position distribution of specified atoms.
Tab

Results and discussion
Radial Distribution Function analysis
-Dextran -K + Interactions in the hydrogel systems
The radial distribution function (RDF) provides the information on the distance between atoms or molecules and it can be used to study the interactions between atoms or molecules. The distribution of K + and its interactions with polymer in the hydrogel network can be investigated by means of RDF between K + and different oxygen atoms in dextran ring. The calculation results for the three systems are shown in Fig. 1 . As shown in Fig. 1(a) , Fig. 1(b) and Fig. 1 
Dextran -Water Interactions in the hydrogel systems
In order to investigate the property and state of water in the dextran hydrogels, the oxygen atoms of water in the hydrogel systems are studied by means of RDF. The interactions between water and dextran can also be investigated by RDF between oxygen atoms of water (Ow) and oxygen atoms of dextran (Odex) molecules. All these results are shown in Fig. 2 . A similar trend also appears in the three systems. The average coordination number (n O-OW ) represents the number of oxygen atoms of water per oxygen atom of dextran, and the results are listed in Table 2 . It is observed from 
Mean-square displacements
The mean-square displacements (MSD) was calculated for the three hydrogel systems in order to analyze the translational motion of a water molecule. The MSD of a water molecule in each system becomes linearly proportional to time, and therefore the translational self-diffusion coefficient D is calculated from the asymptotic slope of the mean-square displacements using equation (2) [17] . Fig. 3 shows the mean-square displacements of water molecules in different dextran hydrogel systems. The calculated D values of the three dextran hydrogel systems are 0.053 (dextran content is 10%), 0.046 (dextran content is 30%) and 0.020 (dextran content is 50%) Å 2 /S. It is observed that with increasing dextran content in the hydrogel system, the diffusion coefficient of water decreases, indicating that the translational motion of water molecules is restricted by the presence of dextran chains. The higher the dextran content in the hydrogel, the stronger the interactions between water and dextran hydrogel network is.
In order to study the states of water conveniently, we classify the water into three kinds according to the distance of water from dextran chains. The first kind of water in a "close contact" domain (I) is at a distance less than 3.53 Å from dextran chains; the second kind of water in domain (II) is at distances between 3.53 Å and 5.80 Å from dextran chains; the third kind of water molecules in domain (III) is at a distance more than 5.80 Å from dextran chains.
To further study the states and properties of water molecules in different domains of each dextran hydrogel, we investigate the mean-square displacements of water molecules in three domains in the hydrogel. Table 3 shows the diffusion coefficients of water in different domains of dextran hydrogels. It is observed that the diffusion coefficients in the three domains are different, indicating that the properties and states of water in different domains of the dextran hydrogel are different. There are three kinds of water in dextran hydrogels according to their diffusion coefficients. With the decrease of interactions between water and polymer network, the diffusion coefficients of water increase. It is concluded that the water molecules in domain III move more easily than those in domain II and domain I. The statistic results of water contents in different domains and different hydrogel systems are shown in Table 4 . It is observed from Table 4 that in the three hydrogel systems, the water contents in domain I and domain II increase with increasing dextran content, while the water contents in domain III decreases with increasing dextran content. Our previous study using differential scanning calorimetry (DSC) also showed that the water content in domain I increased with increasing dextran content in the hydrogel. Furthermore, both DSC and simulation studies show that at a dextran content of 50%, the majority of water molecules are confined in domain I, and the water content in domain III is very low. 
Free volume fraction
The mechanism of diffusion involves a series of random 'jumps'' from a free volume between polymer chains to another hole or void [27] . Therefore, the size and shape of the holes available in a hydrogel system affect the rate of water diffusion. In order to study the properties of dextran hydrogel, we investigate the free volume fraction of different hydrogels using the Atom Volume & Surface in Material Studio software. Firstly, water with the van der Waals radius of 1.30 Å was used as test molecule to detect the free volume properties of the hydrogel systems, and then the test radius was decreased to 0.00 Å to calculate the total free volume of the hydrogel systems.
All the results are listed in Table 5 . It is shown that with increasing dextran contents in the three hydrogel systems, the free volume factions of the hydrogels decreases. Therefore, the diffusion motions of water molecules are more restricted and the diffusion coefficients of water molecules become smaller. These results are in agreement with our MSD calculation results. 
Conclusions
Three physically crosslinked dextran hydrogel systems have been investigated by molecular dynamic simulation. KCl was proved to be the crosslinker and it interacted with dextran via the oxygen atoms (O 3 ,O 4 ,O 5 ) of hydroxyl group in dextran ring, which is in agreement with the results of NMR .With increasing dextran content in the three hydrogel systems, the free volumes of the hydrogel decreases and the diffusion coefficient of water also decreases. Based on radial distribution analysis, the water in the hydrogel networks was found to interact with dextran via hydrogen bond and there are at least three kinds of water, in agreement with the results from DSC analysis as reported previously [21] .
